A straightforward algorithm for broadband matched-field source localizaton is developed and subsequently applied to experimental data. For the two-receiver case, the algorithm involves correlating modeled and measured cross spectra and summing coherently over frequency. The extension to the multiple-receiver case is to perform the two-receiver algorithm on each pair of hydrophones and sum the complex results coherently. The frequency band over which the summation is made may be chosen to maximize the signal-to-noise ratio. Using an acoustic propagation model based on ray theory to produce modeled cross spectra, the broadband localization scheme is applied to an experimental dataset in which a pseudorandom noise source was towed past a bottom-moored vertical array in a deep-ocean environment. Localization is successful out to the maximum range of 43 km. The effects on the source localization of varying such parameters as the number of phones, bandwidth, and receiver aperture are examined. It is found that matching the autospectra as well as the cross spectra significantly degrades the localization, and that coherent summation over both frequency and phone pairs is superior to incoherent summation.
INTRODUCTION
The purpose of matched-field processing in the present context is to localize sources of acoustic energy in undersea environments. The general method involves constructing a set of modeled acoustic fields at an array of receivers, where each field is produced by a source at a particular location in the ocean environment. The acoustic fields measured at the array are then "matched" against the set of modeled fields. If the ocean environment is well understood and the propagation model used to produce the set of modeled fields is accurate, a good match between the measured and modeled fields will be found when the modeled source location coincides with the actual source location. The mathematical methods used to match the fields include the conventional linear (Bartlett) method and the high-resolution maximum likelihood method, along with numerous variations on these methods.
The majority of previous work in the area of matchedfield processing involves matching the acoustic fields at a single frequency. A review of the literature on this subject is beyond the scope of the present article, but Refs. 1, 2, and the references therein provide a thorough background.
In the area of broadband source localization, most previous work involves methods that operate in the time domain. The earliest "matched-signal" work, which can be viewed as a predecessor to the more recent "matched-field" In the present work we develop a broadband matchedfield algorithm that operates in the frequency domain. For a two-receiver array, measured cross spectra are formed and cross correlated against modeled cross spectra for a variety of assumed source positions. The cross-correlation or "matching" procedure involves multiplying a measured cross spectrum by the complex conjugate of a modeled cross spectrum and coherently summing the resulting complex function over the desired band of frequencies. For an Nelement array, the results of pairwise-matclhed cross spectra are summed coherently over the N(N --1 )/2 receiver pairs. The magnitude of the matched-field outp-t is expected to reach a maximum when the modeled source position coincides with the actual source position. In this article, we apply the method to an experimental dataset and plot the matchedfield output versus recording time and modeled range (for an assumed source depth).
Although developed independently of the time-domain methods summarized above, the frequency-domain method is similar to the multiple-receiver method of Ref. 5 in that cross correlations are performed. Rather than taking the maximum of the cross correlation in the time domain, however, we sum coherently over the desired band in the frequency domain. The band may be chosen so as to maximize the signal-to-noise ratio. The method we use is also similar to the linear matched-field (Bartlett) beam former employed in single-frequency, continuous wave (cw) applications. A distinction is that we only match the cross spectra and do not use the autospectra, which is equivalent to using only the upper triangular terms (not including the diagonal terms) of the cross-spectral matrix (CSM) instead of the entire CSM.
The extension of our method beyond the cw case is that we sum coherently over frequency.
In Sec. I we present the broadband source localization algorithm in mathematical terms. In Sec. II the experiment to which we have applied the localization method is described. We also examine characteristics of the acoustic propagation that occurred during the experiment with the help of a ray model and present comparisons between simulated and measured Iofargrams. In Sec. IlI we present the results of a six-receiver source localization that uses a frequency band of 40 Hz. The effects of factors such as number of receivers, bandwidth, and aperture on the localization results are studied in Sec. IV. We also investigate the effects of including the autospectra in the matching process and of summing incoherently rather than coherently. Section V summarizes our results and states our conclusions.
I. BROADBAND SOURCE LOCALIZATION ALGORITHM
In this section we present the algorithm we use for broadband source localization. Starting with the two-receiver case, let the measured time series be denoted by d 
where we choose the normalization factor, which again makes unity the maximum correlation possible, to be ½ I q=p+ 1
In practice, the kequency band B may be chosen to be a finite set ofkequency intervals in order to maximize the SNR. For plotting or imaging, we conyea the source localization quantity to a logarithmic scale:
L{,• = 10 logmL½,>.
Note that in the above •gorithm, no knowledge of the source spectrum is assume: The modeled cross spectra •e formed kom transfer functions, which may be thought of as the received spectra due to a flat source spectrum. If we assume that the source spectrum S• is known, the modeled spectra at receivers 1 and 2 would be S The particular source that we attempt to localize is a pseudorandom noise (PRN) generator, which was towed by a surface ship at a depth of 101 m and at a speed of approxi--mately 5 m/s. As shown in Fig. 1 field produced by the source at 10 km, but, as explained in the previous paragraph, the direct rays disappear as the source moves beyond 30 km. One would expect that using hydrophones close to the top of the array might help reduce the false localizations because the direct rays are received at longer ranges. Figure 6 shows the same localization as in Fig. 5 , except that each row of the display has been individually normalized to a maximum of 0 dB. This procedure is equivalent to renormalizing the matched filter output at the end of each recording time period. The result is that the localization trace has been sharpened up at recording times greater than 170 min, when the source range exceeds 32 km. The cost of the sharper "mainlobe" is the rise in the "sidelobes" at other ranges, especially the false localization at ranges between 10 and 15 km. The row normalizatoin procedure may be desirable in practical applications because it allows the color imaging process to adapt to the weaker localizations one would expect at longer ranges.
The above results indicate that the localization works well in range. However, we would also like to study how well the algorithm is able to discriminate between submerged Fig. 5, cover 10 dB and are normalized so that the  maximum in the entire image is 0 dB. Finally, every sixth FFT of the experimental data has been used in the localizations, resulting in 196 data points along the vertical axes.
The first parameter that we examine is the number of hydrophones used in the localization. Figure 8 shows localizations that use four and two receivers. When compared with the six-receiver localization of Fig. 5 , it is apparent that using more phones improves the localization, although a fairly clear trace is evident even in the two-phone case of Fig.   8(b) .
Next, we study the dependence of the localization on the frequency band used. Figure 9 shows localizations that use The final algorithimic factor we investigate is the method for performing the summations over frequency and phone pairs in Eqs. (5) and (6). In the original algorithm the complex numbers are summed coherently, but an alternate method is to take the magnitude of the complex numbers before adding them together. We refer to such a summation as "incoherent" because the phase of the complex numbers is discarded. The following equations are used for (a) incoherent summation over frequency, coherent summation over phone pairs; (b) coherent summation over frequency, incoherent summation over phone pairs, and (c) incoherent summation over frequency, incoherent summation over phone: Figure 13 illustrates the effect of incoherent summation.
We observe that the localization using Eq. (10a) in Fig.  13(a) is slightly better than that using Eq. (10b) in In this article we have developed a method for broadband source localization and presented results of its application to experimental data. The method is straightforward and easily implemented. It consists of matching measured and modeled cross spectra and coherently adding the "crosscorrelated" cross spectra over frequency and hydrophone pairs to obtain the localization quantity. In practical applications, the frequency band over which the summations are performed may be chosen so as to maximize the signal-tonoise ratio.
The source localization method has been applied to an experiment in which a broadband pseudorandom noise generator was towed past a bottom-moored vertical array in deep water. The localization (modeled range versus recording time) using six of the 24 phones and a frequency band of 55-95 Hz exhibited a clear trace that corresponded well to the estimated source track. The depth resolution of the localization method in this particular case is not as good as the range resolution, but a noticeable degradation in the localization is observed when the source depth is modeled as 6 m instead of the correct 101 m.
Not surprisingly, the quality of the source localizations improved as more phones are used, the frequency band over which the cross spectra are matched is increased, and the aperture (in two-phone localizations) is widened. It is also found that coherent summation of the complex numbers over both frequency and phone pairs is superior to incoherent summation.
An interesting and important observation from the experimental localizations is that matching the autospectra in addition to the cross spectra resulted in a significant degradation in the localization.
The success of the localization apparently relies on the coherent addition in the complex plane of the off-diagonal cross-spectral terms. Since the diagonal autospectra terms represent positive real numbers in the complex summation, it appears that they add no information to the localization and actually serve to overpower the more sensitive off-diagonal terms. Another interesting finding was that in the broadband case our matched crossspectra method gave better localizations than the straightforward extension of conventional matched-field processing, but in the cw case our method resulted in slightly poorer localizations.
Broadband matched-field processing is an attractive alternative to cw processing when the source of interest has broadband components. In order to achieve a given capability to localize a source, it appears that one may deploy a large array and use a single frequency, or deploy a small array and use multiple frequencies. The most obvious advantage of the broadband approach is the savings in the hardware cost of additional hydrophones. Another possible advantage is that errors in temporal sampling are usually much less than errors resulting from imperfect knowledge of receiver position. In other words, increasing the bandwidth used in a given matched-field application does not introduce errors because the sampling rate is well known and consistent across hydrophones. In contrast, increasing the number of hydrophones can lead to additional errors due to receiver position uncertainty.
This article has presented an extension of the linear matched-field algorithm to the broadband case. We believe that extension of the more complex high-resolution cw matched-field algorithms to broadband applications is a worthwhile area for future research.
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